INTRODUCTION
Many nuclear regulatory bodies across the world have developed PIs to objectively monitor the safety performance of nuclear power plants (NPPs), to enhance public confidence, and to perform regulatory evaluations (e.g. graded inspections) or decision processes [1] . Recently, some important PIs that use risk information have been developed and implemented for risk-informed regulatory oversight of NPPs in USNRC [2] .
The safety performance indicator (SPI) system was introduced in Korea Institute of Nuclear Safety (KINS), which has been the nuclear regulatory expert organization in Korea since in 1995 [3] . The SPI system is used to monitor plant safety to investigate systems detrimental to reactor safety in order to enhance public confidence in the NPP operational safety and to follow the international trend in PIs. The SPI system is color coded by four levels (Green, Cyan, Yellow, Orange) as presented in Table 1 , which is similar to the reactor oversight process (ROP) PIs from the USNRC. In the USNRC, the ROP PI system is used to determine the safety grade of each NPP and to determine if the inspection items and resources are increased or decreased depending on the safety grade (i.e. graded inspection) [4] . However, the SPI system in KINS has not been used in formal regulatory decision processes similar to the ROP of the USNRC because the existing regulatory inspection program does not include a graded approach based on the safety grade of each NPP.
KINS is developing the Integrated Safety Performance Assessment (ISPA) program to improve the existing regulatory inspection system using the results of the PSA and safety performance assessment [5] . In the ISPA program, graded inspection will be implemented and PIs will be a primary component in determining the safety grade of each NPP. Therefore, it has become important to enhance the existing SPI system for use in the graded inspection program in KINS.
In light of these circumstances, a feasibility study of some PIs that use risk information in the USNRC [7] was undertaken. In the USNRC, the Mitigating System Performance Index (MSPI) [6] was developed to monitor the mitigating system unreliability and unavailability at the plant level using probabilistic safety assessment (PSA) results for NPPs, and has been used since 2006. The Unplanned Scrams with Complications (USwC) indicator [8] was also developed to monitor scrams that may be potentially risk significant at the plant level using
The concept of improved performance indicators (PIs) for use in the KINS Safety Performance Indicator (SPI) program for reactor safety area is proposed in this paper. To achieve this, the recently developed PIs from the USNRC that use risk information were investigated, and a feasibility study for the application of these PIs in Korean NPPs was performed. The investigated PIs are Baseline Risk Index for Initiating Events (BRIIE), Unplanned Scrams with Complications (USwC), and Mitigating System Performance Index (MSPI). Moreover, the thresholds of the existing safety performance indicators of KINS were evaluated in consideration of the risk and regulatory response to different levels of licensee performance in the graded inspection program. 1 ITP is the program that monitors the trends in indicators of industry performance as a means to confirm that the safety of the operating power plants is being maintained 2 Because PIs in the reactor safety area are regarded as the most important [1] type of PI, the threshold evaluation was limited to PIs in the reactor safety area and the evaluation of PI thresholds in the radiation safety areas remains a future study to be undertaken. 3 Other remaining initiating events that contribute approximately 40% of the CDF, such as medium and large LOCAs and interfacing system LOCAs, have been excluded in the BRIIE because it was revealed that these events are rare and would not generally be expected over the lifetime of the NPPs. covers risks from general transient initiating events, which means that the risk coverage is very small. Therefore, a risk coverage analysis of the BRIIE was performed as a feasibility study using the full power internal event Level 1 PSA result of Korean NPPs to examine whether the BRIIE should be adopted as an initiating event PI in Korea. Some adjustments were made in the classification of the initiating events because there were differences in the initiating events between reactor types. The results are presented in Table 2 , and these demonstrate that the BRIIE can generally cover most risk significant initiating events in Korean NPPs because it covers approximately 17.5~75.6% of internal event CDF risks, whereas the general transient initiating event only covers 0.1~10.8% of internal event CDF risks. It means that the currently used URS PI cannot sufficiently cover the risks of Korean NPPs; therefore, it is necessary to adopt the BRIIE as an initiating event PI in Korea.
The BRIIE monitors the initiating events against the pre-defined industry level performance thresholds. These performance thresholds are called as 'prediction limits' that and represent the upper limits (95 percentile value) of initiating events counted in a year that, if reached or exceeded, indicate a potential degradation of industry performance. For example, given that the estimated number of general transient events in US PWRs per year is 46.6, more than 59 occurrences of general transients indicate a potential degradation of industry performance because it represents 95 percentile value, as presented in Table 3 .
A preliminary estimation of the prediction limit of BRIIE was performed using the negative binomial distribution method used in the USNRC [9] and the initiating event frequency data of Korean NPPs described in Park et al.'s paper [10] . The prediction limits of the BRIIE for each initiating event can be derived using the negative binomial distribution. If an initiating event occurrence rate, λ, has a Gamma (α, β) distribution, and if X given λ has a Poisson (λt) distribution, for a known t, then the unconditional Gamma-Poisson distribution of X is negative binomial: where p = β /(β + t), β = Baseline critical period (reactor critical years) in the past, t = Estimated reactor critical year for plant group, α = Number of events in the baseline period β + 0.5,
Then, the 95 percentile value of x in the probability distribution of X is defined as the prediction limit of BRIIE, as follows: For example, if the mean frequency of a general transient is 9.10E-01 and its baseline critical period is 195.51, then the average number of event occurrences during the baseline critical period is 178 (= 9.10E-01 * 195.51). If it is assumed that 20 reactors are operating with 90% availability, the expected critical period per year is 18 years (= 20*0.9) and the estimated number of events per year is 16.38 (= 9.10E-01*18). Finally, the prediction limit of the general transient can be derived using equation (2) Table 4 . These show that the value of the derived prediction limits are almost 1/5~1/2 of the prediction limits for the US PWRs presented in Table 3 .
A specific Korean prediction limit, which is different from that of the US industry, should be used if BRIIE is selected as the initiating PI for Korean NPPs.
The BRIIE cannot be directly used in graded regulations for individual NPPs because the BRIIE is an industry level PI. Therefore, it is not necessary to include the BRIIE in the KINS SPI program. However, it may be necessary to adopt the BRIIE as an industry level initiating event PI in Korea, because the risk significant initiating events can be effectively monitored using the BRIIE.
USwC
The USwC is used as a plant level initiating event PI in the US ROP [8] ; it replaced the previous PI named LONHR, because the LONHR PI did not adequately reflect the complicated scrams that result in operator challenges. The USwC monitors unplanned automatic and manual scrams that require additional operator actions beyond that of a 'normal' scram. Such events or conditions typically present more challenges to the operators and may therefore be more risk important than uncomplicated scrams. Table 5 shows the six categories that have been developed to monitor the uncomplicated scrams for The MSPI is used as a plant level mitigating system PI in the US ROP. MSPI replaced a previous PI named safety system unavailability (SSU), because SSU had several weaknesses in application as follows: it could not consider the plant-specific risk characteristics, did not have accurate unreliability, could not directly measure the performance of the cooling water support systems, etc. [6] . These problems were resolved after implementing the MSPI, because the MSPI can consider the dissimilarities in design and operation of NPPs using the plant-specific PSA results. The existing KINS SPI system uses an SSU similar to that was used in the USNRC; therefore, the KINS SPI system has the same weaknesses as the SSU used in the USNRC. Thus, the MSPI implementation will also be beneficial for the graded inspection program in Korea because the plant-specific risk characteristics of NPPs can be incorporated by using the MSPI. Five systems are monitored in MSPI: emergency AC power system (EAC), high pressure injection system (HPSI), auxiliary feedwater system (AFW), residual heat removal system (RHR), and cooling water support system. The MSPI of a given system is a simplified linear approximation of the change in the core damage frequency (CDF) attributable to changes in the reliability and availability of risk significant elements of the system. Thus, the calculation focuses on key components and quantifies the change in CDF using a simple formula based on the sum of the changes in the unreliability index (URI) and the unavailability index (UAI), as follows: 
URbi
= Baseline component i unreliability (from NEI data as presented in Table 8 ), B(URi) = Birnbaum importance of component i unreliability (from plant PSA), FV(UAj) = Fussell-Vesely importance of train j unavailability (from plant PSA), UAcj = Current train j unavailability (data from most recent 3 years), UAbj = Baseline train j unavailability (from NEI data as presented in Table 9 ), B(UAj) = Birnbaum importance of train j unavailability (from plant PSA).
In practice, the number of component failure s is generally the most dominant contributor in the MSPI, which means the URI is a more dominant contributor than the UAI [11] . The CCF multiplier (Aj) in equation (3) is used in the URI calculation to include the CCF contribution. The licensee can use both the generic and the plant-specific CCF multiplier. In the US, most licensees used the generic CCF multiplier [2, 12] . The plant-specific CCF multiplier can generally be derived as follows:
where FVindependent,i =Fussell-Vesely importance of independent basic event i in CCF group, FVCCF =Fussell-Vesely importance of CCF basic events.
The Birnbaum importance is the partial derivative of the CDF with respect to the basic event probability in a PSA model that provides a measure of the risk sensitivity of a plant component to the CDF. The Birnbaum importance value is a critical input to the MSPI calculation and is determined by the plant-specific PSA model. Extensive cross comparison studies of the Birnbaum importance value including the CCF multiplier have been performed in the USNRC and within the industry [12] before the MSPI implementation because an important aspect of the PSA quality for the MSPI implementation is comparing the Birnbaum values within different classes of plant design.
The performance thresholds of the MSPI are based on the CDF thresholds because the MSPI of a given system is a linear approximation of the CDF. However, an unexpectedly large number of failures would be required for entry into the 'White' threshold if only CDF thresholds are used, when the Birnbaum importance values for a given system are relatively small. Therefore, the additional performance thresholds called 'backstops' are used to preclude a situation where an unexpectedly large number of failures occur before reaching the 'White' threshold. The backstop value is based on the statistical significance of the observed number of failures relative to prior expectations. The performance thresholds of the MSPI are defined as follows: The backstop values are determined as follows:
where Fe = Expected number of failures, Nd = Number of demands, p = Probability of failure on demand presented in Table 8 (industry average value; NEI), λ = Running failure rate presented in Table 9 (industry average value; NEI), Tr = Runtime of the component.
Application Study
In this study, a pilot study for the implementation of the MSPI in Korea was undertaken. Previously, Kang et al. [13] undertook an application study of the MSPI and derived several insightful results and recommendations; however, they only used an OPR1000 Level 1 PSA result. Because the MSPI must be used for all NPPs, a feasibility study of the MSPI implementation using the PSA results of different reactor types is needed. The Birnbaum values that are critical inputs into the MSPI calculation are different between the PSA result of each reactor type due to the differences in plant design, operation, PSA modeling assumptions, etc. These differences in the Birnbaum values will cause different results in the MSPI and safety grade (Green, White, Yellow, Red) of each reactor type despite having the same number of failures occur.
In these circumstances, a sensitivity analysis of the MSPI was performed for the five representative types of Korean NPPs (WH900, WH600, OPR1000, Framatome, and CANDU). The purpose of the sensitivity analyses was to verify the expected differences in the MSPI 5 results for each reactor type as a function of the demand failure numbers. These analyses are similar to the 'MSPI margin analyses' conducted in the US [11] . The sensitivity analyses were performed by changing the demand failure numbers of one typical component at a time for the frontline safety systems of MSPI . Motordriven pumps (MDP) and emergency diesel generators (EDG) were selected as typical components for the MSPI sensitivity analyses of each system. The unreliability and unavailability by other components (e.g. motor-operated valves) were assumed to be the same as the industry baseline values.
Three types of MSPI sensitivity analyses were performed in this study. The values of the MSPI as a function of the demand failure numbers were derived: a) using the generic CCF multipliers, b) using the plantspecific CCF multipliers, and c) using the backstops and plant-specific CCF multipliers.
a) MSPI sensitivity analysis using generic CCF multipliers
The generic CCF multipliers applied in the demand failure of pumps and diesel generators for the five types of Korean NPPs are presented in Table 10 . These were derived from the values used in the independent MPSI verification studies undertaken by the USNRC [6] as presented in Table 11 . As stated previously, a licensee in the US industry can use both the generic or plant-specific CCF multiplier, but most licensees use the generic CCF multiplier.
The highest CCF adjusted Birnbaums for each component using the generic CCF multipliers are presented in Table 12 . These were derived by multiplying the generic CCF multipliers in Table 10 to the independent demand failure Birnbaums of the individual components.
In Tables 13 to 16 
(8) generally defined as an 'insensitive indicator', which allows an unexpectedly large number of failures to occur in a system without appropriate regulatory enforcement. These significant differences in the MSPI results between NPPs can result from the different design and operating features of each NPP, which is reasonable because a primary purpose of MSPI usage is to consider plant-specific risk characteristics. However, these significant differences in the MSPI results can also result from different data collection periods, which results in initiating event frequency difference, different common cause factor modeling assumptions, different human reliability analysis models, and so on.
For example, the MSPI results of EDGs in the OPR1000 remained 'Green' for a large number of demand failures over three years due to its lower Birnbaum compared with those of other NPPs. There are a number of reasons for the EDGs in the OPR1000 to have a relatively lower Birnbaum; for example, the AAC is modeled as a backup of the EDGs in the OPR1000 PSA model. Lowering of the Birnbaum of EDGs by modeling an installed AAC in the PSA model can be an appropriate approach because it reflects the plant-specific risk characteristics.
However, the different value of the LOOP frequency in the OPR1000 PSA compared with those of other plant types also contributed to the lower Birnbaums of the EDGs. The LOOP frequency used in the OPR1000 PSA was 2.20E-02/yr; however, increased frequencies that are almost twice that of 2.20E-02/yr were used in the PSA of other plant types as presented in Table 17 . Because most LOOP events were weather-related events in Korea [14] , the difference of the LOOP frequency is generally not related to NPP design differences or the results from the different initiating event data collection periods due to different revision dates of each PSA model 6 . In this example, the difference in the LOOP frequency can lead to different EDG MSPI results of the OPR1000 compared with other NPPs.
It will be necessary to use up-to-date initiating event data for MSPI implementation rather than using the initiating event data in the licensee PSA model. The basis of small Birnbaums for some components must be verified carefully prior to implementation of the MSPI, because some instances of small Birnbaums may not result from design differences but rather from initiating event data, PSA modeling assumptions, etc.
b) MSPI sensitivity analysis using plant-specific CCF multipliers
The plant-specific CCF multipliers were derived from equation (6) and applied in the MSPI calculation. The plant-specific CCF multipliers that were applied in the five types of Korean NPPs are presented in Table 18 . The results show that most plant-specific CCF multipliers derived from the Korean PSA results are higher than the generic CCF multipliers.
The highest CCF adjusted Birnbaums for each component using the plant-specific PSA results are presented in Table 19 . These were derived by multiplying the plant-specific CCF multipliers in Table 18 with the independent demand failure Birnbaums.
The MPSI sensitivity results using the plant-specific CCF multipliers are presented in Table 20 to Table 23 . Some 'Green' or 'White' results derived from the generic CCF multipliers became 'White' or 'Yellow' using the plant-specific CCF multipliers. The results demonstrate that the CCF multiplier is an important element in the MSPI calculation because it decides the value of the CCF adjusted Birnbaum that provides the measure of risk sensitivity of a plant component to CDF. Generally, it was more conservative to use the plant-specific CCF multipliers than the generic CCF multipliers for these sensitivity results. Nevertheless, some MSPI results remained 'Green' even if a large number of failures occurred.
c) MSPI sensitivity analysis using backstops and plantspecific CCF multipliers
For the final sensitivity analysis, the backstop was applied using the plant-specific CCF multipliers. The backstop values were derived using equations (7) and (8) . The MPSI sensitivity results when the supplemental performance threshold was used are presented in Table  24 to Table 27 . For all types of NPPs, the MSPI results changed from 'Green' to 'White' before a large number of failures occurred; therefore, the issue of 'insensitive indicators' can be solved to some degree using this supplemental performance threshold. Therefore, the supplemental performance threshold must be added to limit the total number of failures of a component if the MSPI is selected as a safety system performance indicator for Korean NPPs.
EVALUATION OF THE EXISTING SPI THRESHOLDS FOR GRADED INSPECTION

Framework for Establishing PI Thresholds Using Risk-informed Approach
Determining the PI threshold is generally dependent 16 For OPR1000, containment spray (CS) pumps as well as shutdown cooling (SC) pumps are used for residual heat removal function. Therefore, the CCF multipliers are derived for the CS pumps and SC pumps. 17 (G) -Green, (W) -White, (Y) -Yellow program in Korea does not include a graded approach based on the safety grade of each NPP. However, the PI system is used to determine the safety grade of each NPP and for graded inspection in the USNRC.
As stated previously, the development of an ISPA program for improving the existing regulatory inspection system using the results of the PSA and safety performance assessment is in progress at KINS. In the ISPA program, graded inspection will be implemented and PIs will be the one of the main components in determining the safety grade of each NPP. Therefore, it is necessary to examine the existing SPI threshold for use in the graded inspection program in Korea.
In the graded inspection program, the PI thresholds must be defined considering the risk and regulatory responses to different levels of licensee performance. Moreover, the PI thresholds must be consistent with other risk-informed regulatory applications and policies, as well as consistent with the regulatory requirements and limits. In the USNRC, the conceptual framework for establishing PI thresholds using a risk-informed approach has been developed as presented in Figure 1 and was used to establish the ROP PI thresholds [15] . The conceptual framework has both a probabilistic basis and a deterministic basis. The historical data or delta CDF was used as the probabilistic basis, and the safety parameters in the technical specifications (TS), the concept of safety margins, or expert judgment were used as the deterministic basis in establishing general ROP PI thresholds. Because the PI thresholds must be consistent with other risk-informed regulatory applications, the delta CDF thresholds used in the PI were determined based on regulatory guide 1.174 [16] and the subsidiary CDF objective is presented in Table 28 . A detailed explanation of the implications of the conceptual framework follows.
-The 'Green' band presented in Figure 1 is characterized by acceptable performance in which the cornerstone objectives are fully met, the performance value is within the expected range, and the delta CDF is below 1.0E-6/yr. The licensees in this band have maximum flexibility for NPP operation. -The 'White' band is entered when licensee performance is outside the normal performance range, but still represents an acceptable level of performance. Performance is still considered to be within the objectives of the cornerstone and is within TS limits, but there is an indication of declining performance and a reduced safety margin. For the CDF, the delta CDF is higher than 1.0E-6/yr but below 1.0E-5/yr in this range. The CDF threshold characteristics were selected to be consistent with regulatory guide 1.174 applications. -The 'Yellow' band is entered when there is a more significant decline in performance than the 'White' band, but the licensee performance is still considered acceptable. When TS limits are reached or exceeded, licensees are required to take immediate and effective corrective actions to maintain performance within this band. In terms of the CDF, the delta CDF is higher than 1.0E-5/yr but below 1.0E-4/yr. -The 'Red' band is entered when the performance falls below the 'Yellow' band threshold. This band is an unacceptable performance band. In terms of the CDF, the delta CDF is higher than 1.0E-4/yr, which is determined based on the subsidiary CDF objective. The plant performance is considered to be significantly outside the design basis with an unacceptable margin to safety; further decline in performance would result in operation in a state inconsistent with the specified safety goals.
In Korea, the acceptance guideline for CDF has been officially endorsed by the government and published as KINS-GT-N24 [18] , as presented in Figure 2 for riskinformed regulatory decision making. The delta CDF thresholds in KINS-GT-N24 are the same as those in regulatory guide 1.174, if the baseline CDF of each NPP is higher than 1.0E-6/yr. Because all operating NPPs in Korea have a CDF higher than 1.0E-6/yr, the delta CDF thresholds in regulatory guide 1.174 can be also applied to Korean NPPs. However, the subsidiary CDF objective in Korea has not yet been officially finalized. Nevertheless, 1.0E-4/yr, which is the same as the interim subsidiary CDF objective of the USNRC [16] , has been suggested in a recent draft report prepared by KINS [19] . Therefore, it can be stated that the delta CDF thresholds used in the USNRC PI system can also be applied to the KINS SPI system. However, the existing KINS SPI system has different implications in the performance bands as presented in Table 29 . If the delta CDF thresholds described above are applied to the KINS SPI system, the implications of the performance band of the KINS SPI system should be changed. For example, the worst performance band is 'Orange' in the existing KINS SPI system and 'Red' in the USNRC PI system. The implication of 'Orange' is 'Warning' which means degraded but acceptable performance. However, the implication of 'Red' is 'Unacceptable' which indicates a significantly degraded and unacceptable performance. If the delta CDF threshold is defined as 1.0E-4/yr for the worst performance band in the KINS SPI system, the NPP in this band should be considered as having an unacceptable margin to safety. Therefore 'Orange' in the existing KINS SPI system must be replaced by 'Red' if the delta CDF thresholds are applied to the KINS SPI system. Likewise, the remaining performance band colors and their implications in the existing KINS SPI system as presented in Table 29 must be replaced by those of the USNRC PI system described in Table 28 and Figure 1 .
The thresholds of the existing KINS SPIs in the reactor safety area, particularly in the operational safety, and the multiple barrier category presented in Table 1 have been evaluated in this study. The thresholds of the SSU in the safety system category were evaluated because this paper recommends that the existing SSU indicator be replaced by MSPI. Because the delta CDF values are used as the MSPI thresholds, the evaluation of the MSPI thresholds is not necessary. The PSA results are used in this paper to evaluate the thresholds of the URS SPI because there is a direct relationship between the URS and parameters in the PSA models, namely the frequency of the initiating events. Qualitative evaluation has been only performed for other SPIs in this paper, which are the Unplanned Power Reduction (UPR) SPI and all SPIs in the multiple barrier category, because they cannot be directly tied to the PSA results.
Evaluation of the URS thresholds in KINS SPI
The existing KINS SPI thresholds for the URS were evaluated using recent domestic PSA results. Previously, a pilot study was undertaken by Kang et al. [20] to estimate the URS thresholds using the domestic PSA results of two reactor types. However, they could not form overall conclusions for the URS thresholds because only two PSA results were used; instead, they revealed that the PSA models for other reactor types must be used to establish the PI thresholds based on the PSA results. Moreover, many previous PSA results have been changed in Korea since the previous pilot study to reflect the plant-specific data and design changes.
Because there are five reactor types (WH900, WH600, OPR1000, Framatome, and CANDU) used in Korea, an evaluation of the URS thresholds was performed using the recent PSA results from the five reactor types. The White/Yellow and Yellow/Red thresholds for the URS were evaluated using the PSA results. The Green/White threshold was not evaluated in this study because it is generally not defined using the PSA results but by historical performance, for example using the mean plus he standard deviation. To evaluate the URS thresholds using the PSA results, it was assumed that the initiating event frequencies increase by the same percentage as the value of the URS. However, this is unrealistic as a simple scaling of all initiating event frequencies by the same factor would result in a proportionate increase in CDF. Because the initiating events are not all equal in their risk significance, and the purpose of using the PI in graded regulation is to determine when it is appropriate for a regulatory body to initiate a response, it is more meaningful to perform sensitivity studies by only increasing frequencies of the initiating events that are expected to occur. In the USNRC, the frequencies of those rare but potentially risk significant initiating events, such as LOCA, SGTR, and LOOP, and support system failure were not increased when performing the sensitivity studies to determine the thresholds of the URS in SECY 99-007 [15] . Different initiating events can be classified as rare events in Korea, because some initiating event frequencies in Korea are different to those in the USA. For example, LOOP cannot be classified as a rare event in Korea because its frequency occurrence is relatively high, as presented in Table 17 . Kang et al. [20] suggested an initiating event frequency of 5.0E-3/yr as a criterion to classify rare initiating events, because Korean NPPs are typically in operation for more than 100 reactor years: this criterion represents events that could occur more than once during a cycle of 100 reactor years. Therefore, sensitivity studies were performed by changing the frequencies of only those initiating events whose frequencies were above 5.0E-3/yr. Moreover, because the URS is based on critical reactor years and the initiating event frequencies are based on calendar years, the applicable URS thresholds were adjusted by incorporating the plant availability factor. For example, if the summation of the changes in the initiating event frequency 6.0/yr results in 1.0E-5/yr delta CDF and the plant availability factor is assumed as 80%, the applicable URS is defined as 4.8/yr (= 6.0/yr*80%).
The evaluation results of the URS thresholds using the recent PSA results from the different reactor types are presented in Table 30 . The evaluation results of the present study Kang et al. [20] and the threshold used in the existing KINS SPI are also presented for comparison. From Table 30 it can be seen that the URS thresholds estimated in this study are significantly different between the reactor types. The results from the CDF contributions of each initiating event and the baseline CDF values are different for each reactor type. The URS thresholds estimated in this study are also different from those estimated by Kang et al. [20] because more recent PSA results were used in this study.
The URS thresholds estimated from this study, which are based on PSA results, are generally higher than the corresponding KINS SPI thresholds. This means that the existing URS thresholds of KINS SPI are conservative for most Korean NPPs. Therefore, the existing URS thresholds of KINS SPI can be considered acceptable for use in Korean NPPs. The thresholds estimated using the WH600 PSA results were lower than the KINS SPI thresholds, however, due to the higher baseline CDF values of the WH600 compared with the other reactor types [19] . Nonetheless, the modification of the URS thresholds based on the WH600 PSA result cannot be Table 30 are used, which will instead cause adverse effects on safety. Thus, it is suggested that the existing URS thresholds of the KINS SPI system remain the same for the graded regulation program.
Evaluation of Other PI Thresholds in KINS SPI (Reactor Safety Area)
The KINS SPIs in safety areas other than the URS and SSU are as follows: Detailed definitions of KINS SPIs are documented in reference [3] . As presented in Table 1 , the thresholds of these SPIs are established for all safety grades (Green, Cyan, Yellow, Orange) in the existing KINS SPI system. This can be regarded as an appropriate method for the current usage of the KINS SPI system, monitoring the plant safety performance for trending, enhancing public confidence, and so on.
However, it is not appropriate to directly use the thresholds of the existing KINS SPI system for graded regulation. Specifically, too many Orange indicators can occur in the existing KINS SPI system regardless of their risk significance, thus making the KINS SPI meaningless in the graded regulation program. Therefore, in this study, it was considered inappropriate that all SPIs have thresholds for all safety grades. First, for the UPR in the operational safety category, the Green/Cyan (Green/White) threshold is determined by considering the historical performance. For example, SECY99-007 [15] indicates that the threshold in the USNRC was determined based on the industry mean plus the standard deviation based on data from July 1, 1995 through June 30, 1997. A recent report in KINS [3] also indicates that the threshold has been defined considering the historical performance of domestic NPPs. This is Figure 1 , which is the conceptual framework for establishing performance thresholds for graded regulation. However, the thresholds of Cyan/Yellow (White/Yellow) and Yellow/Orange (Yellow/Red) for the UPR in the existing KINS SPI system should be removed from use in the graded regulation program because it cannot be directly tied to risk data, therefore there is no basis of Cyan/Yellow (White/Yellow) and Yellow/Orange (Yellow/Red) thresholds. Thus, it is suggested that the existing UPR thresholds presented in Table 31 should be changed to the thresholds presented in Table 32 . Secondly, the thresholds of the FR, RCL, and CI in the multiple barrier category are determined based on the TS limits. For example, the FR indicator is defined as 'the percentage of the maximum value of I-131 in the reactor coolant system (RCS) to the limit value of TS [3] '. The most limiting case for these indicators is the TS limit excess. Because the individual plant TS requires a plant shutdown within a short time after the TS limits are exceeded, the TS limit excess can be defined as Yellow (not Red) in establishing performance thresholds as presented in Figure 1 . The thresholds used for Yellow/Orange in the existing KINS SPI system should Table 33 should be changed to those presented in Table 34 .
CONCLUSIONS AND RECOMMENDATIONS
First, the recently developed PIs of the USNRC that use risk information have been investigated and a feasibility study for the application of these PIs to Korean NPPs has been undertaken. The PIs investigated are the BRIIE, USwC, and MSPI. The following are noted from the feasibility study for these PIs.
[BRIIE] -The BRIIE cannot be used directly in the graded regulation for individual NPPs because it is an industry level PI. Therefore, it is not necessary to include the BRIIE in the KINS SPI program. -However, it may be necessary to adopt the BRIIE as an industry level initiating event PI in Korea because the risk-significant initiating events can be effectively monitored using the BRIIE. The URS PI alone cannot sufficiently cover the risk of Korean NPPs. -Specific prediction limits for Korea as presented in Table 4 , which differs from those of the US NPP industry, need to be determined if the BRIIE is selected as an initiating event PI for Korean NPPs.
[ assumptions, and so on. -The problem of 'insensitive indicators' can be solved to some degree using the supplemental performance threshold 'backstop' to limit the total number of component failures.
Secondly, the thresholds of the existing KINS SPIs were evaluated considering the risk and regulatory response in the graded inspection program. The PSA results were used to evaluate the thresholds of the URS, and qualitative discussions were presented for the other SPIs.
Finally, the PIs and their thresholds for use in the graded regulation program for Korean NPPs are proposed as presented in Table 35 . They include the USwC and MSPI, and the modified performance thresholds. The BRIIE is not included in Table 35 because it is recommended that the BRIIE be used as an industry level initiating event PI.
Although some PIs and their thresholds are proposed in this paper, the following items need to be studied further to finalize and implement the KINS SPI for use in the graded regulation program.
-The thresholds of the BRIIE are not limited to the prediction limits based on the performance, but also include the risk thresholds based on the conditional core damage probability (CCDP). Because only the prediction limits are addressed in this paper, an additional study is required to consider the risk thresholds for the implementation of the BRIIE.
-An extensive comparison of the Birnbaums between the PSA results of each reactor type is needed, especially for basic events that are used in the MSPI calculation. Moreover, the baseline unreliability and unavailability in equations (4) and (5) and the backstop in equations (7) and (8) must be determined based on Korea-specific component reliability and availability data for the implementation of MSPI in Korea. -The safety system functional failures (SSFFs) PIs of ROP in the USNRC are not addressed in this paper. The definition of the SSFF is the number of events or conditions that prevented, or could have prevented, the fulfillment of the safety function of the structures or systems in the previous four quarters [2] . The primary data source for the SSFFs in the USNRC is the licensee event report system based on 10CFR50.73 [21] . Because the existing regulations on reporting in Korea [22] do not require the SSFF data, the applicable threshold for SSFFs that is determined by the historical performance cannot be established at present. Therefore, the SSFFs PI is not included in Table 35 . However, if the regulation on reporting in Korea is modified to include SSFFs in the future, the SSFFs PI should be included in Table  35 as a PI for graded regulation. 
